ABSTRACT -(Isothermal seed germination of Adenanthera pavonina). This work reports aspects of seed germination at different temperatures of Adenanthera pavonina L., a woody Southeast Asian Leguminosae. Germination was studied by measuring the fi nal percentages, the rate, the rate variance and the synchronisation of the individual seeds calculated by the minimal informational entropy of frequencies distribution of seed germination. Overlapping the germinability range with the range for the highest values of germination rates and the minimal informational entropy of frequencies distribution of seed germination, we found that the best temperature for the germination of A. pavonina seeds is 35 °C. The slope μ of the Arrhenius plot of the germination rates is positive for T < 35 °C and negative for T > 35 °C. The activation enthalpies, estimated from closely-spaced points, shows that |∆H-| < 12 Cal mol -1 occur for temperatures in the range between 25 °C and 40 °C. The ecological implication of these results are that this species may germinate very fast in tropical areas during the summer season. This may be an advantage to the establishment of this species under the climatic conditions in those areas.
INTRODUCTION
Adenanthera pavonina L. is a woody Southeast Asian species of Leguminosae-Mimosoideae. It belongs to wild underexploited leguminous crop seeds and may be a potential source of feed for livestock and industrial uses (Balogun & Fetuga 1986 ). The present study was initiated in order to defi ne the germination requirements of this species at different temperatures.
The temperature is the main environmental factor governing the germination of seeds because it strongly infl uences physiological and biochemical processes (Egley 1995 , Cardoso 2009 ). The temperature dependence of seed germination may be described by several parameters: the minimal cardinal point, below which it is not measurable; the maximum cardinal point, above which it is not measurable; and the optimum temperature interval at which the germinability is consistently kept at a uniform level and the germination proceeds at the highest rate (Labouriau 1983) .
The extreme temperature limits of seed germination are easily determined empirically and provide information of biogeografi cal and ecological interest (Thompson 1973 , Dau & Labouriau 1974 . They also refl ect the physiological and morphological features of the seeds prior to germination, since they can be altered by specifi c treatments before the germination tests (Vegis 1963) . Santos & Cardoso (2001) , for instance, found that seed coat cane interfere with the themal responses related to seed germination of Cucumis anguria.
The rates of seed germination generally increase as the temperature is raised from near 0 °C and become maximal in the range of 20 to 35 °C depending on the species. With further increase in temperature the rates rapidly decrease (Labouriau 1983) . This pattern of dependence on the physiological processes is common to many developmental events such as the emergence of seedlings, the appearance of a series of leaves, and fl owering and it resembles the effect of temperature on enzyme activity (Kramer & Kozlowski 1979) .
The main physiological interest in studying the temperature dependence of the isothermal germination rates is the search for limiting factors and partial processes of seed germination (Labouriau 1983) . In this study we examined the effects of temperature on the germination of seeds of Adenanthera pavonina by measuring the fi nal percentages, the rate variance and the synchronisation of the individual seeds calculated by the minimal informational entropy of frequencies distribution of seed germination. The slope μ of the Arrhenius plot of the germination rates was calculated and the activation enthalpies were estimated from closely spaced points at all the temperature range. The distribution of the relative frequency of germination along the time of isothermal incubation of the seeds was considered in order to study the communication-aspect of thermal control of seed germination and to measure the degree of synchronisation of isothermal independent germination events (Labouriau & Valadares 1976) . The ecological implications were discussed considering that these results may give information about how to quickly obtain seedlings of this species and on the possibilities of adaptation of it in tropical areas.
MATERIAL AND METHODS

Plant material
Seeds of Adenanthera pavonina L. were harvested in Campo Grande, MS, Brazil, in March 1992. The seeds were neither sterilised nor selected. However, the occasional deformed individuals (abnomaly small, damaged or offcoloured) were discarded.
Seed germination
The isothermal incubation of seeds was performed with samples of 200 seeds, in 13 × 2 cm Pyrex glass Petri dishes, lined with analytical fi lter paper discs and kept saturated with deionised water (12.5 mL disc -1 ). Fifty seeds were placed in each plate, spaced an equal distance apart along a spiral line in order to facilitate the subsequent checking for germination under the dissecting scope. Constant temperature was assured by use of Incubators, (FANEN model 565) , in which the inside air is kept thermally uniform by a fan. The precision of temperature control was within the range of ± 0.5 °C. Seeds were kept in the dark and considered germinated when the roots were ≥ 2mm long. Germination was recorded daily and always at the same hour (2:00 P.M.), the examination being performed as quickly as possible. The germinated seeds were removed and water was replenished so that saturation of the fi lter paper was maintained. Temperatures used for tracing germination isotherms were 10, 15, 20, 25, 30, 40 and 45 °C. Scarifi cation was performed by treating the seeds with concentrated sulphuric acid during 25 min. After this treatment, the seeds were washed thoroughly with running tap water followed by distilled water and air-dried for 24 hours prior to use. This procedure promoted uniform imbibition and germination.
The germination capacity (= germinability) was measured by the fi nal germination percentages, G (%), of simultaneous isothermal replicates.
The optimum range for the germinability was estimated by searching for the temperature intervals within which the germinability values were among the highest and such that there were no pairs of temperature treatments with signifi cant difference.
The fi rst step was the computing of descriptive statistics obtaining the following information:
(a) The average of the germination times, t = Σn i t i / Σn i , were: n i = number of seeds germinated between observations t i-1 and t i (Harrington 1962 (Labouriau 1972b (Labouriau , 1983 ; (e) The weighted average, V = Σw j v j / Σw j , with w j = n j / s 2 j were n j = number of germinated seeds in the j th replication, and s 2 j = variance of the germination rate of this replication (Snedecor 1956 ).
This last average, V, is more representative than the unweighted average of simultaneous replications, since it takes into account the differences in the rate variance of the replicates.
The optimal temperature range for the germination rate was obtained by comparing the set of four rates corresponding to the replicates of each isothermal treatment with all other such sets of temperature treatments, using a one-tailed MannWhitney test. The optimal range was taken as the temperature interval within which all the rate values are at the highest level and such that there are no pairs of temperature treatments with signifi cantly different rates (Labouriau & Pacheco 1979) .
The variation of μ was used to locate the temperature optimum, T o . In fact,
is always positive, it follows that μ and dV dT has necessarily the same sign. From the defi nition of the temperature optimum we have dV dT > 0 for T < T o and dV dT < 0 for T > T o (Labouriau 1972a) . The comparison of the optimum ranges of the germinability and of the germination rate poses the problems of the similarities and differences among their limiting factors. One of the available tools for the study of the limiting factors of the rate is its Arrhenius plot, -RlnV = A (1 / T), with R = 1.987 Cal mol -1 and T in Kelvin degrees, which was constructed for the weighted average rates, V. The slopes of the Arrhenius graph computed between two successive and close temperatures, allows an estimate of the activation enthalpies,
Synchronisation of the germination
The synchronisation was measured with the index: E = log 2 N -(1 / N)Σn i · log 2 n i , were N is the total number of germinated seeds and n i is the number of germinated seeds between the (i -1 th ) observations, along the isothermal incubation time (Labouriau & Valadares 1976) .
The estimate of the temperature range for the synchronisation was obtained by comparing the set synchronisation corresponding to the replicates of each isothermal treatment with all other such sets of temperature treatments, using a one-tailed Mann-Whitney test. The optimal range was taken as the temperature interval within which all the synchronisation values are at the highest level and such that there are no pairs of temperature treatments with signifi cantly different synchronisation.
Time distribution of germination frequencies [f i = φ T (t i )], were: f i = n i / Σn i = relative frequency of germination, T = temperature and t i = incubation time.
The determination of modal germination times, t mo , allows classifi cation of the germination isotherms into two groups, according to whether their f i = φ T (t i ) distributions are unimodal or not. This is an assessment of the homogeneity of these seeds, for polymodal distributions clearly display subsets of seeds with different germination times clustering around successive t mo values. The assymmetry and the kurtosis of the f i = φ T (t i ) distributions were measured by their 3rd and 4th moments about the mean t, respectively.
The uncertainties of such f i = φ T (t i ) distributions were computed in bits by the well-known expression U = -Σf i · log 2 f i . The U-values appraise the degree of synchronisation of the germination of individual seeds (Labouriau & Valadares 1976) . On the other hand, U is also an information function for the specifi cation of seed germination by environmental temperature (Labouriau & Valadares 1976 , Labouriau 1978 . In this connection, it is important to recall that, for a given variance (in this case σ 2 = s 2 t / N) the Gaussian is the distribution with maximal uncertainly, (Shannon 1948) , corresponding to what is usually referred to as "random thermal noise". Hence the fi t of each f i = φ T (t i ) distribution to its corresponding Gaussian (adjusted by the parameters N, t and S 2 t ) provides a means of analysing the pattern of thermal communication of the germinating seed. When the f i = φ T (t i ) distributions do not fi t their adjusted Gaussians, there is a temperature signal superimposed upon the background noise, whereas the adhesion of the f i = φ T (t i ) to the adjusted normal indicates that the T-signal is quenched by random thermal noise (Labouriau 1978) . The goodness of this fi t was evaluated by the Kolmogorov-Smirnov Test (Sokal & Rohlf 1969) .
Optimum range for the germination
The optimum range for the germination was estimated by searching for the temperature intervals within which the germinatibility values are among the highest and overlap the highest average germination rates and the minimal informational entropy of frequencies distribution of seed germination values.
RESULTS
The germinability, the germination rate and the informational entropy of frequency distribution of Adenanthera pavonina seeds are shown in table 1. Data of this table show that the minimum cardinal point is between 10 °C and 15 °C, and the maximum cardinal point lies between 40 °C and 45 °C, i.e. there was no germination at 10 °C or 45 °C.
As shown in table 1, the simultaneous test procedure used to fi nd the maximum groups of isotherms within Table 1 . Results of the analysis of the germinability (G), germination rate (V), variances of germination rates (S 2 v ) and of the index of synchronization of germination rates (E).
Temperature Germinability (Kotowski 1926 , Labouriau 1970 . c variance of germination rate (Labouriau & Agudo 1987) . d informational entropy of frequencies distribution of germination (Labouriau & Valadares 1976) . F: Anova Fs among treatments.H: Kruskal-Wallis one-way analysis of variance by ranks. * differences signifi cant at the 5% level.a, b, c, d…: pairs followed by the same letter are signifi cantly different at the 5% level according the Tukey's test (after ANOVA)/Mann-Whitney U-test (after K-W test).
which differences among data are not signifi cant at the 5% level. This indicates that the germinabilility within the range 20 °C ≤ T ≤ 35 °C, the average germination rates within the range 35 °C ≤ T ≤ 40 °C and the informational entropy of frequencies distribution of seed germination within the range 30 °C ≤ T ≤ 40 °C and 15 °C are not signifi cantly different. The relationship between germination rate and temperature is shown in fi gure 1. The distribution of thermal germination rates from 10 °C to 35 °C was normal and consequently a single equation of linear regression was applied to describe the infl uence of these temperatures on rates of all germinated seed of each replication. The linear relationship obtained between germination rates and temperature gave the equation V = -10.63 + 1.21.T, where T is the absolute temperature (Kelvin), V being given in days -1 10 2 . It was used to estimate the minimal cardinal temperature.
As shown in the fi gure 2, the intercept of the infraoptimum regression straight line that was at 9 °C differs from the experimental minimum, which is between 10 ° and 15 °C.
The adequacy of the linear model of the temperature dependence of the germination rates for the temperature range of germination from 15 °C to 40 °C is shown in the Arrhenius' plot -RlnV (fi gure 3). This Arrhenius' plot is not linear, and therefore the average isothermal germination rate of this seed does not follow Arrhenius law, the slope being itself temperature-dependent. Since the slope, μ, of the Arrhenius' plot of V changes sign at opposite sides of the point corresponding to 35 °C, i.e. the slope μ is positive in the infra-optimum range and negative in the supra optimum range it follows that the temperature optimum will be T o = 35 °C. The shape of the Arrhenius' plot of the germination rates show that the process of germination cannot be described as an unbranched chain of partial processes with a predominant step. On the contrary, the plot is typical of a phenomenon in which the interaction of partial process changes continuously with T. Nevertheless, a few general trends emerge from the consideration of the two contrasting T ranges found in the Arrhenius plot. Estimates of the slopes from closely-spaced points show that |∆H ≠ | > 12 Cal mol -1 occur for T < 25 °C and |∆H ≠ | < 12 Cal mol -1 occur for T > 25 °C ( (Kotowski 1926 , Labouriau 1970 . (Labouriau & Valadares 1976) . at 40 °C, with constant germinability throughout the experimental temperature interval between 20 ° and 35 °C (table 1) . Average values of ∆H, estimated for the experimental temperature intervals, show that the activation of germination is endothermic up to 35 °C, with a reversal of the sign ∆H at 35 °C (table 2) . These results can be understood considering that temperature exerts effect on reaction rates and changes the physical state of the cellular components.
The graphs in fi gure 4 show the frequency polygons obtained for pooled isothermal data of six different temperatures. There are considerable differences in the chronological distribution of germination frequencies.
Such isothermal patterns differ as to the position of the modes. It is apparent that all isotherms from 20 ° to 40 °C give unimodal graphs. There are displacements of the modal times, t mo , to the left from 15 ° to 35 °C and to the right at 40 °C. These differences indicate a temperature-specifi cation of embryo growth in this seed. Also the displacement of the average germination time, t, relative to the modal time, t mo , is very clear from 20 ° to 40 °C (with the exception of the isotherm of 30 °C). It may also be seen in fi gure 4 that t is located to the right of the mode: t > t mo at 20 °, 35 ° and 40 °C. Hence, the skewness is always positive, i.e., the tails of the distributions are always to the right of the main peak. It shows that at all temperatures the heterogeneity of the seeds as to their germination rates is caused by a minority of slower germinating seeds and not by a few faster germinating seeds. The isothermal distributions graphed in fi gure 4 were compared with the corresponding adjusted normal distributions, using the Kolmogorov-Smirnov test. The data on the graphs, at the right, show that none of the distributions fi t the adjusted Gaussians. 
DISCUSSION
The optimum of temperature for seed germination of Adenanthera pavonina can be compared to several tropical species, such as Stryphnodendron barbadetiman (Vell.) Mat. which germinates in the range between 20 °C and 38 °C (Barradas & Handro 1974) ; Calotropis procera (Ait) Ait. F., between 18 °C and 37 °C (Labouriau & Valadares 1976) ; Kielmeyera coriaceae Mart., between 15 °C and 35 °C (Dionello 1978) ; Magonia pubescens St. Hil. which has the minimum between 5 °C and 10 °C and the maximum between 40 °C and 45 °C (Joly et al. 1980) ; Tagetes minuta L. between 10 °C and 35 °C (Forsyth & Staden 1983) ; Simmondsia chinensis (Link) Schneider between 10 °C and 40 °C (Figueiredo 1989) ; Dimorphandra mollis Benth. which has the minimum between 9 °C and 12 °C and the maximum between 39 °C and 42 °C (Zpevak 1995) ; Stryphnodendron polyphyllum which has the minimum between 5 °C and 10 °C and the maximum between 40 °C and 45 °C (Tambelini 1999) ; Leucaena leucocephala (Lam.) de Wit with the minimum between 10 and 15 °C and the maximum between 40 and 45 °C (Cavalcante 1995) ; Pterogyne nitens Tull. with the minimum between 9 and 12 °C and the maximum between 42 and 45 °C (Nassif 1996) and Peltophrum dubium Spreng Taubert with the minimum between 6 and 9 °C maximum between 36 and 39 °C (Perez et al. 1998) .
Following the criterion of measuring seed physiological homogeneity by the relative width of the temperature interval of maximum and consistent germination capacity, seeds of Adenanthera pavonina are found to be a sort of borderline case; their germinability is ≥ 88% in about 66% under (20 °C-35 °C) of the overall temperature range of germination (15 °C-40 °C) . This optimum range of seed germination is shown by other tropical species: Dipterix alata Vog. which has his optimum between 30 °C and 36 °C (Melhem 1975) , Rapanea guianensis Aubl. between 15 °C and 35 °C (Joly & Felippe 1979) , Magonia pubescens St. Hil. between 25 °C and 30 °C (Joly et al. 1980) , Stryphnodendron polyphyllum Mart. between 25 °C and 30 °C (Tambelini 1999) , Leucaena leucocephala (Lam.) de Wit. with the optimum between 30 and 35 °C (Cavalcante 1995) , Pterogyne nitens Tull. with the optimum at 27 °C (Nassif 1996) and Peltophrum dubium Spreng Taubert with the optimum between 27 °C and 30 °C (Perez et al. 1998) .
According Hendricks & Taylorson (1979) , the temperature range between 20 °C and 30 °C is the most adequate to seed germination, as well as to the growth, fl owering and others aspects of the plant development. Temperatures between 20 °C and 30 °C, for example, appear to offer a favourable environment for seedling development of Tagetes minuta L. a species native of South America (Forsyth & Staden 1983) .
The germination rate usually increases linearly with temperature within the suboptimal temperature range (Hegarty 1973 , Bierhuizen & Wagenvoort 1974 , Dau & Labouriau 1974 , Thompson & Fox 1976 , Whashitani & Takenaka 1984 , Perez & Moraes 1990 . As shown in the fi gure 2, up to 35 °C the germination rates increased linearly with temperature, the intercept is at 9 °C which differs from the experimental minimum that is between 10 ° and 15 °C. Thus, in this case, the linear model does not give a good description of the data of pooled isothermal samples, and is not adequate to estimate the theoretical minimal cardinal temperature but show that there was a linear relationship between germination rates and temperature from 10 °C to 35 °C.
The shape of the Arrhenius' plot of the germination rates shows that the process of germination cannot be described as an unbranched chain of partial processes with a predominant step. On the contrary, the plot shown is typical of a phenomenon in which the interaction of partial process changes continuously with temperature. Nevertheless, a few general trends emerge from the consideration of the two contrasting temperature ranges found in the Arrhenius' graph indicating that temperatures below 25 °C can retard the metabolic rate to the point where pathways essential for the onset of germination would cease to operate, thus high levels of energy are necessary to trigger the germination; and that above 25 °C the process of germination is limited by diffusion phenomena which takes place at |∆H ≠ | < 12 Cal mol -1 (Glasstone et al. 1941 ). According to the variances of isothermal germination rates showed in table 1, the maximum uncertainty about average rate values is reached at the same temperature where higher rate-values are found. Therefore, following the considerations discussed by Labouriau & Valadares (1976) , the thermodynamic entropy of the seed must increase from 20 ° up to 40 °C and the entropy-change upon germination is necessarily positive at 40 °C. It can therefore be concluded that germination at the rate-level optimum involves a loss of order.
Average values of ∆H (table 2) , can be understood considering that temperature exert an effect on reaction rates and change the physical state of the cellular components. Thus, within temperatures between 40 °C and 45 °C the ∆H' values must be the higher and at this temperatures the effects must be lethal to the seeds. These temperatures can denature seed proteins and cause membrane phase changes. The changes in permeability are related with the amino acid leakage at high temperatures (Hendricks & Taylorson 1976) .
Seeds of Zea mays L., for example, did not germinate at 41 °C but did show a raised respiration rate and increased mitochondrial effi ciency in common with those incubated at 28 °C, which did germinate. The high levels of ATP at 41 °C indicated that failure to germinate was not a result of disruption of energy metabolism. However, increases in specifi c activities of several enzymes involved in mobilisation of embryo reserves and synthesis of new cellular materials were found in seeds imbibing at 28 °C. No such changes were found in those imbibing at 41 °C and according Riley (1981) there is the possibility of a lower rate of protein synthesis at high temperatures. Thus, according Riley (1981) at high temperatures some of the reactions which would normally culminate in radicle protrusion proceed normally, but further development is prevented because of loss of an essential process or component particularly temperature sensitive. Is thought that the primary site of high temperature in germinating seeds is closely related with the synthesis of proteins by the embryo.
The non-Gaussian character of the isothermal distributions shown in fi gure 4 were previously found for other seeds (Labouriau & Valadares 1976 , Labouriau & Pacheco 1978 . Considering that the onset of the germination of Adenanthera pavonina seeds must be linked to environmental exchanges of energy triggering the process of germination, these results substantiate the conclusion that the thermal communication between the environment and the seed growth-effector does not take place through random thermal noise and that there are superimposed temperature signals triggering the overall process of germination of this seeds. In fact, the germinability, the germination rate and the synchronisation of germination of the Adenanthera pavonina seeds are strongly temperature-dependent (table 1 and fi gure 1).
Overlapping the germinability range, with the range for the highest values of germination rates and the minimal informational entropy of frequency distribution of seed germination, we found that the best temperature for the germination of seeds of Adenanthera pavonina is 35 °C.
The ecological implication of these results are that this species may germinate very fast in tropical areas where the temperatures are between 25 °C and 40 °C during the summer season which may be an advantage to the establishment of this species under the climatic conditions in those areas.
